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ABSTRACT: The interaction of a light-responsive surfactant with lysozyme at pH 5.0 has been investigated
as a means to control protein structure and enzymatic activity with light illumination. The cationic
azobenzene surfactant undergoes a reversible photoisomerization upon exposure to the appropriate
wavelength of light, with the visible-lighttans) form being more hydrophobic and, thus, inducing a
greater degree of protein unfolding than the UV-ligtis) form. Conformational changes as a function

of photoresponsive surfactant concentration and light illumination were measured through shape-
reconstruction analysis of small-angle neutron scattering (SANS) data. The SANSrbasexdstructures
indicate that lysozyme transitions from a nativelike structure at low surfactant concentration to a partially
unfolded conformation at higher surfactant concentrations under visible light illumination, while UV-
light illumination causes the protein to refold to a near-native structure. Protein swelling occurs principally
away from the active site near the hinge region connectingxthad S domains, leading to an increase

in the observed separation distance of thend 8 domains in the ensemble SANS measurements, a
likely result of enhanced domain motions and increased flexibility within the protein. This swelling of
the hinge region is accompanied by an 8-fold increase in enzymatic activity relative to the native state.
Both enzyme swelling and superactivity observed under visible light can be reversed to nativelike conditions
upon exposure to UV light, leading to complete photoreversible control of the structure and function of
lysozyme.

Azobenzene-based photoresponsive surfactants have relead to eventual amyloid fibril formation. From the pre-
cently been utilized to induce reversible changes in protein amyloid oligomer structures determined with SANS, pho-
conformation with light illumination, with relatively high  toreversible transitions from corkscrewlike hexamers to
resolutionin vitro protein structures during the structural ropelike dodecamers were observed, potentially capturing the
transitions determined with small-angle neutron scattering initial stages of fibril formation. For lysozyme containing
(SANSY) (1—4). A photoisomerization between theans both o and f domains, SANS data indicated that the
(relatively hydrophobic) andis (relatively hydrophilic) forms photosurfactant primarily swelled tleedomain of the protein
of the azobenezene moiety allows photocontrol of a wide and particularly helix A, while thg-domain and the active-
range of surfactant properties)(including interaction with site cleft remained relatively intac2), From these structural
various protein domains. For bovine serum albumin (BSA) studies in lysozyme, the question remains as to what effect,
in the presence of the photosurfactant, the initial unfolding if any, would the reversible changes in protein conformation
events were localized to the hydrophobitelical segments  have on enzymatic activity.
in the C-terminal portion of the proteir,(3). Furthermore, Protein function is, to a large extent, determined by protein
through changes in light illumination, reversible transitions conformation, particularly in the case of enzymes where
between intermediately folded conformations were achieved.folding results in an active site that allows for selective
In contrast, for-chymotrypsin with a primarilys structure, binding of substrates. However, the static ferfanction
only small changes in the overall size of the protein were relationship of the classic “lock-and-key” mechanism has
observed{7% increase in the radius of gyration), however, been replaced in modern enzymology with the view that
this subtle structural rearrangement was sufficient to convertenzyme dynamics can have an equally important role in
intramolecularg structures intontermoleculars sheets and  catalysis. Thus, various hypotheses have been proposed with
this view in mind 6—210), all with the underlying theme that
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SDS, sodium dodecyl sulfate. from the active site§, 15, 16). This has been demonstrated
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through various mutation studies where replacement of distal EXPERIMENTAL PROCEDURES

amino acids has led to concurrent changes in reaction rates

and protein flexibility, potentially by increasing the prob-
ability of sampling transition-state conformatioriss(17).

These results seem to suggest a general procedure by which
enzymatic activity could be increased through enhancements
in enzyme flexibility, provided that these enhancements are

not achieved at the expense of denaturing the active site.

Lysozyme catalyzes the hydrolysis @#{1—4) linked
polysaccharide copolymers dfl-acetylglucosamine and
N-acetylmuramic acid found in certain bacteria cell walls,
as well as homopolymers of-acetylglucosamine (i.e.,
chitin). The enzyme active site, divided into 6 subsifes
throughF, resides in a cleft between the two domains of
lysozyme: thex-domain folded around a central hydrophobic
core containing foua-helices and one;3helix, and a sheet-
like B-domain consisting mainly of hydrophilic residues
either on the outer surface of the molecule or lining the cleft.
The cleavage ofi(1—4) linkages occurs between sitBs
andE close to the catalytic residues Glu35 and AspB3) (
leading to formation of an oxocarbenium intermediate that
is electrostatically stabilized by Asp52. This intermediate can
then be hydrolyzed upon direct attack by a nucleophilic water
molecule (hydrolysis) completing the reaction, g8(@—4)

linkage can be regenerated upon reaction with a second

substrate molecule that becomes bound to the vacant subsit
E andF (transglycolsylation) 19—21).

An azobenzene trimethylammonium bromide surfactant
(azoTAB) of the form

//NA@*O(CHZL N"(CH,), Br
CHZCH2—©7N

was synthesized according to published proced3@s3().

The surfactant undergoes a reversible photoisomerization
upon exposure to the appropriate wavelength of light with
the trans isomer (434-nm visible light) exhibiting a lower
dipole moment and, hence, being more hydrophobic than
the cis isomer (350-nm UV light) 30).

To eliminate the potential of UV deactivation of the
enzyme 82—34), cis surfactant solutions were preconverted
under UV-light from an 84-W long wave UV lamp, 365 nm
(Spectroline, model number XX-15A) for at least 30 min
prior to the addition of an enzyme stock solution. The
combined solutions were then maintained in the dark during
the entire reaction period of-13 h, with absorbance spectra
measured after each experiment to ensure the surfactant
remained in thecis form (the half-life of dark conversion
from the cis to the trans form is ~24 h) @35). However,
control experiments demonstrated that activity was unaffected
by direct UV illumination of the enzyme in the presence of

Cthe photosurfactant. Thus, azoTAB appears to offer similar

protective properties as other UV scavengers such as

Enhanced lysozyme activity has been observed uponascorbate 32, 33) due to the strong absorbance of the

modification of specific amino acids within the protein. For
example, a mutant lysozyme with deleted Arg14 and His15
residues (both located in helix A of tleedomain distal to
the active site) was observed to exhibit increased activity

surfactant in the UV region. In contrast, pure enzyme showed

an ~70% decrease in activity upon exposure to UV light.
For the dynamic photoresponse assays and optical mi-

croscopy, conversion to theis form was achieved by

(~140%) attributed to enhanced mobility of the residues near illuminating the enzymesurfactant solutions with a liquid

or at the active site22, 23). Conversely, the presence of
ionic surfactants such as sodiumalkyl sulfates anah-alkyl

light guide (Oriel, model number 77557) attached to a 200-W
mercury arc lamp (Oriel, model no. 6283) equipped with a

trimethylammonium bromides usually deactivates the enzyme 320-nm band-pass filter (Oriel, model no. 59800) in com-

by interacting directly with the active site or indiscriminately
denaturing the proteir2d—27). These alkyl-based surfactants
unfold all regions of the protein through nonspecific interac-
tions with protein hydrophobic domains. In contrast, the
“localized swelling” of lysozyme observed in the presence

bination with a heat-absorbing filter (Oriel, model no. 59060),
effectively isolating the 365-nm mercury line (UV-A).
Conversion back to theeansform was achieved with a 400-
nm long-pass filter (Oriel, model no. 59472) to isolate the
436-nm mercury line.

of the azobenzene-based photosurfactant in regions awaknzymatic Assays

from the active site suggests that the effect of the photosur-

factant on lysozyme activity could be unique from traditional

surfactants, potentially increasing reactivity through enhance-

ments in protein flexibility.
In the present work, the conformation and activity of

lysozyme are controlled through the use of a photoresponsive

Highly purified lysozyme from hen egg white (L7651),
lyophilized Micrococcus luteus(M3770), glycolchitosan
(G7753), Remazol brilliant blue R (R8001) and phosphate
buffer (8.3 mM) were purchased from Sigma and used as
received. The buffer was adjusted to pH 5.0 with the addition
of HCI. The standard lysozyme assay of monitoring the

surfactant and light illumination. Shape-reconstruction analy- decrease in optical density during lysishicrococcus leteus

sis 28, 29) of small-angle neutron scattering data is used t0 q|Is walls was deemed inappropriate in the presence of
provide relatively high-resolution information on the location  5,0TAB due to potential surfactant-induced cell aggregation
of protein unfolding. The observed conformational changes (see below). Hence, the alternative assays described below
are correlated with enzyme activity measured through two were utilized.

different assaysMicrococcus Luteuand glycolchitin. The Preparation of Micrococcus luteus Conjugated with Re-
photosurfactant is found to swell the hinge region connecting mazol Brilliant Blue (MI-RBB)MI-RBB was prepared as
theoc andp domains, leading to a more flexible protein and described by Ito et al.36) To 40 mL of a suspension of
resulting in dramatic increases in enzyme activity. Moreover, Micrococcus luteusells (15 mg/mL), a solution of 400 mg
the observed light-induced superactivity can be photorevers-of Remazol brilliant blue R (RBB-R) in 40 mL of distilled
ibly controlled through surfactant isomerization. water was slowly added under constant stirring at°60
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Subsequently8 g of sodium sulfate was added over the rpm for 5 min at room temperature. Lysozyme activity was
course of 30 min. A solution of 400 mg of trisodium determined from the initial rate of increase of the absorbance
phosphate in 4 mL of distilled water was then added, and at 600 nm over the range of 1 h, expressed relative to the
the mixture was stirred at 50C for another 30 min. The  rate of pure lysozyme.

mixture was centrifuged at 2600 rpm for 10 min, and the  Kinetic parameters of lysozyme with and without the
supernatant was discarded. The pellet was washed with 40presence of azoTAB were obtained using substrate concen-
mL of phosphate buffer (50 mM) until the supernatant was trations ranging from 0.01 to 0.44 wt % of glycolchitin-RBB.
colorless, followed by washing twice with distilled water. The reaction mixture was incubated at 327 for 1 h. The
MI-RBB was then lyophilized and stored at20 °C. maximum initial velocity Vi, and the apparent Michaelis
Preparation of Glycolchitin Conjugated with Remazol constantKy of the enzyme were determined from linear-
Brilliant Blue (Glycolchitin-RBB).Glycolchitin-RBB was  regression analysis of double-reciprocal Lineweagurk
obtained by acetylation of glycolchitosad?) followed by plots. Data that demonstrated inhibition due to high substrate
coloration with RBB-R 88, 39). Briefly, 1.5 g of glycol- concentration and, thus, presented an upward trend in the
chitosan, a water-soluble derivative of chitosan, was dis- LineweaverBurk plots were excluded from the analysis of
solved in 150 mL of sodium tetraborate solution (100 mM). kinetic parameters. According to the LineweavBurk
Acetic anhydride was then slowly added under constant equation (1 = 1NV, + Ku/Vi[S], wherev and [S] represent
stirring until an acetic acid concentration of 2 wt % was the initial velocity and substrate concentration, respectively),
reached, followed by adjusting to pH 9 with NaOH. After K, was obtained from the-axis intercept of-1/Ky, while
30 min, glycolchitin was precipitated from the mixture by v, was determined from thg-axis intercept of M, Due
addition of acetonitrile, repeated several times until the pH to the inability to determine the accurate molecular concen-
of the glycolchitin solution was neutral. The product obtained tration of the polymer substrate in the reaction mixtivg,
was then dissolved in 75 mL of water and gently heated to s presented as the change of absorbance at 600 nm per
50 °C, with a RBB-R solution (150 mg/mL) slowly added minute.
under constant stirring. After an hqud g of sodium sulfate Optical Microscopy of ML-RBB Cell£.0 mL of a stock
was added in several aliquots, with 0.3 g of trisodium 476TAB surfactant solution was added to 2.0 mL of a 1.6
phosphate subsequently added with the reaction continuedmg/mL MI-RBB suspension in an 8.3 mM, pH 5.02
for another 75 min at 50C. Glycolchitin-RBB was then  pnosphate buffer. The samples were then observed with an
dialyzed against water for 2 days to remove excess dye, SaltSOIympus IX71 inverted microscope equipped with ax40
and low molecular weight product. The final product was gpjective lens (SLCplanFl) and a kénagnification changer
lyophilized and stored at20 °C. resulting in 64 total magnification, and recorded with a
Lysozyme Aciity against MI-RBB1.6 mg/mL of MI-RBB ¢ digital camera (Hamamatsu, model no. C4742-95). At
was suspended in an 8.3 mM, pH 5.02 phosphate buffer. Aeach azoTAB concentration, the same solution was used to

1.0 mL lysozyme solution (0.008 mg/mL), 1.0 mL buffer gptain images under both visible and UV light with the
solution, and the desired amount of a stock surfactant 5°|Ut'°”samples exposed to UV light for at least 30 min to convert

were.then fidded to 2.0 mL. of the MI-RBB sqspensi_on. The the surfactant to theis form.

reaction mixture was then incubated at°&7 with continu-

ous, gentle stirring. At suitable time intervals, 400 of Small-Angle Neutron Scattering

the reaction volume was withdrawn and immediately vor-

texed for 10 s to quench the reaction due to unfolding of the ~ The neutron scattering data were collected on the 30-m
enzyme induced by exposure to the-diquid interface 40, NG3 SANS instrument at NIST4g). Two sample-detector

41), followed by centrifugation at 15,000 rpm for 5 min to  distances were used (1.33 and 7.0 m) combined with a 25-
remove the insoluble cell walls, leaving the hydrolyzed cm detector offset to give @-range of 0.00480.46 A%,
reaction product remaining in the supernatant. The absor-whereQ = 4x4~* sin(9/2) and@ is the scattering angle. The
bance of the supernatant at 600 nm was measured and found@€t intensities were corrected for the background and empty
to increase linearly with time for 2 h. Lysozyme activity at Cell (pure BO), followed by accounting for the detector
different conditions was determined from the initial rate of €fficiency using the scattering from an isotropic scatterer
increase of the absorbance at 600 nm due to the dyed product(Plexiglass), and then converted to an absolute differential
expressed as a percentage relative to pure lysozyme. ActivityCross section per unit sample volume (in units of énusing

of a lysozyme solution was measured after vortexing the an attenuated empty beam. The coherent scattering intensities
enzyme solution for 10 s confirming loss of activity due to Of the sample were obtained by subtracting the incoherent

unfolding. contribution from the hydrogen atoms in lysozyme (0.004
Lysozyme Actity against Glycolchitin-RBB1 mL of cm™) and the surfactant (80.0012 cn).
glycolchitin-RBB (2 mg/mL) was mixed with 0.5 mL of an The SANS data were analyzed using three complementary

azoTAB solution at appropriate concentrations and 0.5 mL techniques: Guinier analysis, calculation of the pair distance
of a lysozyme solution (0.008 mg/mL) in an 8.3 mM, pH distribution functions (PDDFs), and a shape-reconstruction
5.02 phosphate buffer to give a final concentration of 1 mg/ algorithm. The PDDFs were calculated assuming a mono-
mL glycolchitin-RBB and 0.002 mg/mL lysozyme. The disperse system using GNON2§) over aQ-range of ca.
mixture was incubated at 37C under gentle stirring. At  0.02-0.3 A1 to exclude protein intermolecular interactions
suitable time intervals 20QL of the reaction volume was  atlowQ (2, 4). The maximum particle diameteDfay) was
withdrawn and mixed with 200L of acetoniltrile to quench  selected to give a smooth return of the PDDF to zei.at.

the reaction and precipitate nonreduced glycolchitin. The The shape reconstructions were performed by approximating
mixture was then cooled on ice and centrifuged at 15,000 lysozyme as containing 1000 scattering centers in the
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Table 1: Values of the Radius of Gyration Determined from
Guinier Analysis of the SANS Data in Figure 1
[azoTAB] (mM) Ry ()
04 L 0.0 12.9
- Visible Light
5 3.6 13.9
é 8.5 17.0
= 12.0 17.8
0.01 + 18.6 19.2
UV Light
3.6 12.8
8.5 12.8
¥, 12.0 13.2
0.001 007 ) s 18.6 14.2

Q/A"

Ficure 1: SANS data of lysozyme-azoTAB solutions as a function
of surfactant concentration under visible (closed symbols) and UV
(open symbols) light. Pure lysozym®), 3.6 mM azoTAB A&,

A), 8.5 mM azoTAB &, O), 12.0 mM azoTAB #, <), and 18.6
mM azoTAB (v, V). [Lysozyme]= 10 mg/mL in pH 5.0 buffer.

program GA_STRUCT @9) over aQ-range of 0.01+0.3

A-1, again to exclude intermolecular interactions and to avoid
length scales too small for protein continuity at high
Briefly, GA_STRUCT utilizes a genetic algorithm to
optimize the positions of the 1000 scattering centers until
the calculated scattering data best fit the experimental data.
Ten independent runs are performed, with the individual
protein shapes from each run averaged to give the consensus

envelope 29). riA
Ficure 2: PDDFs of lysozyme-azoTAB solutions as a function of
RESULTS AND DISCUSSION surfactant concentration under visible (solid, black lines) and UV

(dashed, gray lines) light. [Lysozyme} 10 mg/mL in pH 5.0
The ability to control lysozyme conformation with azoTAB ~ Puffer.

surfactant at pH 5.0 is shown in the SANS data in Figure 1
as a function of azoTAB concentration and light conditions.
Under visible light at even the lowest azoTAB concentration
studied (3.6 mM), the scattering curves begin to deviate from
pure lysozyme a@ ~ 0.2 A1 or length scalesl(= 27/Q)
of approximately 31 A, similar to the diameter of lysozyme

(36 A) (43). This suggests that lysozyme swells with ,,oTAB concentration under visible illumination results in

increasingtrgns azoTAB concentration. Under 'UV light, Dumaxincreasing from 42 A to 57 A, while the peak maxima
however, with the surfactant converted to this state,  ghift from ~15 A to 22 A. Under UV light less effect is
evidence of swelling is not observed until 12.0 MM azoTAB, 5q4in observed, consistent with a smaller degree of unfolding

or about 3-4 times the concentration under visible light. it thecis surfactant. For comparisoBmaxincreases from
Thus, over a wide concentration region photoreversible 45 & 5 75 A in lysozyme denatured with ured.

protein folding can be achieved, similar to previous results gain more precise information on the nature of protein

obtained at pH 732). unfolding with azoTAB, a shape-reconstruction algorithm
From the data in Figure 1, radii of gyratioiRf] were  was applied to the SANS data. As previously descrit®d (
calculated from the Guinier approximatitf@) = 1(0) exp-  the protein is approximated as a collection of scattering
(—Q?R¢?/3), valid in the regiorQRy < 1.3. As seenin Table  centers whose positions are adjusted to fit the experimental
1, azoTAB under both visible and UV light increases the scattering curve. The results of this shape reconstruction
values ofRy relative to the pure lysozym&{=12.9 A, in  analysis are shown in Figure 3 along with the X-ray
good agreement with published values of the native state of crystallographic structure of lysozyme (PDB code 6LYZ).
13.3 and 13.5 AZ, 44)), with again the deviation from the  The structures from the runs best fitting the data are shown
native state greater under visible comparing to UV light. in blue, while the “consensus envelopes” obtained by
Note, however, that even the largest valueRpt=19.2 A averaging the 10 independent runs for each data set are
in Table 1 is relatively low compared to values reported for displayed in red to demonstrate consistency of the fits.
denatured lysozyme in ure®{(= 28.7 A) and alcoholRg Although the resolution of the SANS techniquet/Qumay)
= 24.9 R) 45), suggesting relative mild swelling of the (2g) is reduced compared to X-ray crystallography, these and
protein with azoTAB. similar (29, 47) structures have demonstrated the ability of
Pair distance distribution functions (PDDFs) shown in SANS to determine precise structural detail of protéms
Figure 2, related to the probabiliti’(r) of finding two vitro, such as location of the active site cleft of lysozyme

scattering centers within the protein a distanegart, were
calculated from the SANS data in Figure 1. For a globular
protein, the PDDF is expected to have a symmetric, inverse
parabolic shape with a peak position and maximum dimen-
sion Omay approximately given by the protein radius and
diameter, respectively. As seen in Figure 2, increasing
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pure lysozyme (6LYZ)

visible light
3.6 mM

¢

8.5 mM

&4
£44°

12.0 mM 12.0 mM
18.6 mM 18.6 mM

@9 ws

Ficure 3: In vitro conformations of lysozyme determined from shape-reconstruction analysis of the SANS data in Figure 1. Best-fit
structures are shown in blue, and consensus envelopes are shown in red. The crystal structure of lysozyme (PDB code 6LYZ, space-filling
and ribbon) is shown for comparison with arrows pointing to the active-site cleft betweenghd domains.

<

between thex and 8 domains ), the mechanism of BSA Note that the appearance of the swollen hinge regions in
unfolding (1, 3), and the ropelike structures of pre-amyloid Figure 3 cannot be an artificial result of simple surfactant
oligomers 4). binding, and instead must be due to legitimate protein

As shown in Figure 3, SANS can determine the conforma- unfolding at this location. Surfactant binding to the protein
tion of partially unfolded conformations unattainable with €an be separated into two possible mechanisms: single-
traditional crystallography. Thus, while at low azoTAB Mmolecule binding events or binding of surfactant aggregates
concentrations (3.6 mM under visible light and up to 12 mM (i.e., micelles). Binding of individual azoTAB molecules to
under UV light) the SANS-based structures are similar to lysozyme does of course occur, and as argued below is the
the crystal structure of pure lysozyme, the true utility of likely mechanism by which the protein unfolds. Individual
SANS is seen at elevated azoTAB concentrations were themolecular binding would be expected to slightly increase
degree, and location, of protein swelling can be determined. the measured overall size of the protein through an effective
From examination of Figure 3, lysozyme is observed to swell increase in the molecular weight of the scattering species
primarily in the lower portion of the molecule away from (protein plus bound surfactant). For example, at the surfactant
the active site in the so-called hinge region, which gives rise concentration where lysozyme swelling is first observed in
to a progressively open active-site cleft. This unfolding Figure 3 (8.5 mM azoTAB), comparing the protein (0.69
mechanism is similar to previous SANS and FT-IR measure- MM) and surfactant concentrations gives 12 surfactant
ments at pH 7, which demonstrated that swelling induced molecules available for binding to the protein. Assuming
by a similar azoTAB derivative was also in the hinge region complete surfactant binding with no surfactant free in
and accompanied by a loss afhelical content Z). The solution (a conservative overestimation) and using the
similarity in the unfolding mechanism observed in Figure 3 relationshipRy O M,°3%° for globular proteins 48), this
at pH 5 and in previous work at pH 7 illustrates the robust would equate to at most an increase in the radius of gyration
nature of shape-reconstruction of SANS data to examine thefrom 12.9 to 14.4 A, much lower than the experimental value
structure of partially unfolded proteins. of 17.0 A (see Table 1). Furthermore, the location of binding
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of individual surfactant molecules would not typically be 500 : (b)  UViight visible fight
detected in the SANS measurements (except through the @1 | 1mm TmM |
aforementioned global increase in the radius of gyration),
which probe length scales (& 27/Q) of ca. 20—1250 A,
larger than molecular dimensions. Thus, the observed swollens
hinge regions cannot be due to simple binding of individual ¢ 200
surfactant molecules and, instead, must be due to either arg
unfolding of the protein at this location, or alternatively the
binding of a surfactant aggregate/micelle (with dimension 0 =
> 20 A) at this location. _ _ el T
. The phenomenon of surfacta?t aggregation onto a prote,l'n FicurRe 4: (a) Effect of azoTAB concentration on lysozyme activity
is commonly referred to as the “necklace-and-bead model”, 5gainstMicrococcus IuteusRBB under visible @) and UV ©O)
useful for proteins in the presence of high concentrations of jjlumination. [Lysozyme]= 0.002 mg/mL; Micrococcus luteus
sodium dodecyl sulfate (SDS) with SDS micelles (the RBB] = 0.8 mg/mL. (b) Optical micrographs d¥licrococcus
“beads”) aggregating along the unfolded protein chain (the luteusRBB cells (0.8 mg/mL) as a function of azoTAB concentra-
“necklace”) @9). In contrast, the SANS experiments in ton and light conditions.
Figure 1 correspond to at most 5 to 26 surfactant moleculesremains unclear. At least two possible factors could be
bound per protein, assuming complete binding. These valuesresponsible for this latter effect. First, azoTAB concentrations
are much smaller than typical aggregation numbers of evengreater than 0.5 mM could induce complete protein dena-
a single micelle “bead”, ranging from 4100 SDS mol- turation as opposed to swelling in Figure 3, with the relatively
ecules per micelle50, 51), indicating the total amount of  hydrophobidransform of the surfactant resulting in greater
surfactant available for binding is likely not enough to unfolding compared to the relatively hydrophititsisomer.
correspond to a bound aggregate/micelle of sufficient size Note that while 0.5 mM azoTAB is low compared to the
to be detected in the SANS measurements (=20 A). surfactant concentrations in Figure 3, the significant differ-
Nevertheless, a control experiment was performed at theence in lysozyme concentrations required for the activity
protein contrast-matching point (60/40,®/D,0) (52) to (0.002 mg/mL) and SANS (10 mg/mL) measurements does
render the protein “invisible” to the neutron beam, giving a not allow ruling out this phenomenon.
SANS scattering intensity nearly identical to that of the  Conversely, the decrease in activity at elevated azoTAB
solvent alone, with a difference on the orderlof 103 concentrations could result from surfactant interacting di-
cm%, i.e., within the experimental noise (compare to Figure rectly with the substrate, resulting in an effective loss of
1). This conclusively demonstrates that azoTAB micellar activity without changing the enzyme conformatiov.
aggregation on the protein is not contributing to an artificial luteusis a Gram-positive bacterium with a negatively charged
increase in the scattering intensity. Thus, the swollen regionscell wall consisting of a rigid layer of highly cross-linked
in Figure 3 must be due to protein unfolding, consistent with peptidoglycan embedded with teichuronic acids. At physi-
previously published FT-IR measurements that revealed ological pH, lysozyme exhibits a net positive charge£p
significant changes in the secondary structure of lysozyme 11.0), thus, the negative charge on the cell wall has been
in the presence of azoTAR). determined to be an important feature during hydroly3% (
From these SANS-baseth uitro conformations, the  53). Thus, the presence of cationic azoTAB could neutralize
question remains as to what effect, if any, the increasedthe cell walls, leading to an effective decrease in enzyme
exposure of the active-site cleft would have on lysozyme reactivity. To examine this effect, optical micrographs of Ml-
activity. Based on the conformations in Figure 3, however, RBB cells were obtained under varying surfactant concentra-
any effect of azoTAB on lysozyme activity is expected be tions and light conditions, as shown in Figure 4b. At low
photoreversible since thgrans visible-light form of the azoTAB concentrations{0.5 mM under visible [not shown]
surfactant induces a greater degree of active-site exposureand 1 mM under UV light), the bacterial cells remain well
compared to theis, UV-light conformation. dispersed in solution, indicating that much of the negative
Lysozyme Actity Determined by MI-RBBTo determine charge of the cells responsible for dispersion remains intact.
the effect of surfactant and photoinitiated conformational With increased surfactant concentration, however, Nhe
changes on protein function, hydrolysis of dye-labeled luteuscells exhibit enhanced aggregation, becoming par-
Micrococcus luteugMI-RBB) with lysozyme was measured ticularly pronounced beyonch. 1 mM and 2 mM azoTAB
as a function of azoTAB concentration and light conditions, under visible and UV light, respectively, consistent with
as shown in Figure 4a. At low azoTAB concentrations, regions of diminished activity in Figure 4a. Apparently,
lysozyme activity isenhancedwith surfactant under both  enhanced cell aggregation causes the accessibility of lysozyme
UV and visible light, while elevated azoTAB concentrations to the peptidoglycin substrate to be substantially reduced,
result in a maximum in the activity curves and eventual explaining the loss of activity observed above. The hydro-
deactivation of the enzyme. Interestingly, both the onset of phobic trans isomer results in a higher degree of cell
“superactivity” and enzyme deactivation are observed at aggregation compared to tlwés isomer. Interestingly, cell
lower azoTAB concentrations under visible compared to UV aggregation and return to the well-dispersed state could be
light. repeatedly and reversibly initiated with visibte UV light
While an enhancement of activity relative to the native cycles and the appropriate azoTAB concentration (not
state could be consistent with the increase of active-site shown).
exposure in the SANS-baseid wvitro structures above Lysozyme Actity Determined by Glycolchitin-RBBased
(discussed further below), the origin of the deactivation step on the above results, the standard MI-RBB assay cannot

o
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800 - . . . hydrophobictransisomer of azoTAB, being more prone to
bind to lysozyme through nonspecific hydrophobic interac-
tions, could potentially result in partial denaturation at the
active size at elevated surfactant concentrations (as opposed
to the specific swelling of the hinge region observed at
relatively low surfactant concentrations), thus, leading to
some degree of deactivation versustisstate. Regardless,
these are clearly only secondary effects, as lysozyme
superactivty is observed to remain at the plateau values in
Figure 5 to well beyond 12 mM azoTAB.
To determine enzyme kinetic parameters, initial velocity
verses substrate concentration profiles and double-reciprocal
° 02 o2 os o8 1 Lineweaver-Burk plots of lysozyme against glycolchitin-
RBB were generated, as shown in Figure 6. Interestingly,
[8z0TAB] (mM) the initial-velocity profiles all go through a maximum in
FIGURE 5. Lysozyme activity against glycolchitin-RBB as a supstrate concentration, suggesting eventual substrate inhibi-
function of azoTAB concentration under visibi®)(and UV () tion of the enzyme. From the LineweaveBurk plots in
illumination, respectively. [LysozymeF 0.002 mg/mL; [glycol- - PR .
chitin-RBB] = 1.5 mg/mL; pH 5.0; 37C. Flgure 6b, substrate |nh|b|t|qn is evident at onv values of
inverse substrate concentration; thus, the kinetic parameters
properly assess the effect of azoTAB on lysozyme activity. in Table 2 were obtained using the linear portion of the data
Thus, a glycolchitin-RBB assay was used to minimize from a slope Ku/Vi) andx-intercept &1/Ky). Due to a very
electrostatic interactions between the substrate and azoTABlimited linear region for thecis azoTAB data (not shown),
Glycolchitin is a neutral polymer composed Mfacetylo- apparent kinetic parameters were only estimated for pure
glucosamine, and even when reacted with the anionic dyelysozyme and lysozyme in the presencetrains azoTAB.
Remazol brilliant blue (degree of substitution2%) the net For native lysozyme activity againdfl. luteus a similar
negative charge of glycolchitin-RBB is significantly lower substrate-inhibition effect has been observed, attributed to
than the M. luteus substrate. Lysozyme activity against the strong electrostatic attraction between substrate and
glycolchitin-RBB as a function of azoTAB concentration and enzyme causing multiple attachments of substrates to the
light conditions are shown in Figure 5. As was the case with enzyme and hindering the substrate entering enzyme active
the M. luteussubstrate, enhanced activity over the native site 64). However, the inhibition effect observed in Figure
state is observed with increased azoTAB concentration. In6 is less likely to be a result of electrostatic attraction
contrast to Figure 4, however, the respective activities under considering the low charge of glycolchitin-RBB compared
visible and UV light level off at about 0.3 mtlansazoTAB to M. luteus Thus, the major inhibition effect may be the
and 0.6 mMcis azoTAB and remain essentially constant up competing transglycolsylation reactio®5j. As mentioned
to 12 mM azoTAB (data not shown). Thus, the decrease in above, the active site of lysozyme is divided into six subsites
activity at elevated azoTAB concentrations in Figure 4 does A—F. The scissile bond locates between subdiesndE,
indeed appear to be an artifact of the cell aggregation duewith cleavage of thgd(1—4) linkage of the polysaccharide
to neutralization. leading to the formation of a positively charged oxocarbe-
With the effects of cell wall aggregation removed, 500  nium intermediate bound to sifethroughD and stabilized
600% superactivity is observed with as litle as 0.1 mM by Asp52. During the normal reaction pathway, a nucleo-
azoTAB under visible light and 666700% superactivity  philic water molecule hydrolyzes this intermediate, forming
occurs at~0.3 mM surfactant under UV light. While a small  a reduced-sugar product that is released from the active site.
degree of photocontrolled activity was observed with MI- However, if a second substrate occupies the vacant Bites
RBB at low surfactant concentrations ([azoTAB]0.3 mM), and F prior to hydrolysis, g3(1—4) linkage between the
in Figure 5 without the depressing effect of cell aggregation intermediate and this second substrate can occur, resulting
the differences in activity between the visible and UV states in transglycosylation ¥9—21). Thus, elevated substrate
are better resolved. Thus, it appears that at low surfactantconcentrations can increase the occurrence of the competing
concentrations lysozyme exhibits higher activity in the transglycosylation reaction, the likely origin of the substrate
presence of the hydrophobitans isomer compared to inhibition observed in Figure 6.
systems containingis azoTAB as well as the native state. As shown in Table 2, both the Michaelis const&gtand
These results correlate with the shape-reconstruction analysishe maximum velocityy, increase in the presence of 0.2
of the SANS data in Figure 3, which indicate that thens mM trans azoTAB. Assuming that the rate-limiting step is
form of azoTAB induces a higher degree of protein swelling product formationKy represents the dissociation constant
than the hydrophiliccis form. between enzyme and substrate; thus, the increadéyof
At relatively high azoTAB concentrations, however, suggests a decrease in substrate binding affinity toward the
lysozyme is seen to exhibit a slightly higher activity in the slightly unfolded form of lysozyme in the presenceti@ns
presence otis versusransazoTAB, related to two possible azoTAB compared to the native state. In contrast, the 8-fold
effects. First, even with the glycolchitin-RBB substrate increase in the maximum velocid, which can be related
chosen to minimize substratsurfactant interactions, a small  to an increase in the enzyme turnover numkgrthrough
amount of residual interactions could account for tifzens the equationk.; = Vi/[Elo, suggests that the swollen
activity data being somewhat lower than this data at structures of lysozyme in the presencarahsazoTAB have
elevated surfactant concentrations. Second, the relativelythe effect of increasing the overall reaction rate. Recalling
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Ficure 6: (@) Initial velocity profile of lysozyme against glycolchitin-RBB withoull)(and with 0.02 mMtrans azoTAB @) and cis
azoTAB ). (b) Linweaver-Burk plot of native lysozym@j and lysozyme with 0.2 mMransazoTAB @). [lysozyme]= 0.002 mg/mL;
pH 5.0; 37°C.
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Ficure 7: Photoregulation of lysozyme activity against glycolchitin-RBB. (a) Reaction initiatedtveitts azoTAB (—), followed by UV
illumination to photoisomerize azoTAB to thués state (- - -). (b) Reaction initiated wittisazoTAB (- - -), followed by visible illumination
to photoisomerize azoTAB to theansstate ). [lysozyme]= 0.002 mg/mL, [glycolchitin-RBB}= 1.5 mg/mL, [azoTAB}= 0.2 mM, pH
5.0; 37°C. Arrows indicate points at which UV or visible illumination was initiated.

catalytic process. Indeed, a number of studies support this

Table 2: Effect of azoTAB on the Kinetic Parameters of Lysozyme g ' ] oHn
relationship between conformational flexibility and enzyme

az(;’TAB (mM) K (g‘i m) 10 sz"?;s"c’m‘”) activity (63—66), with increases in flexibility and internal
0.2 trans 172 163 fluctuation leading to enhanced enzyme activig, 23, 67—

69). For the specific case of lysozyme, a mutant with residues

* [Lysozyme] = 0.002 mg/mL, pH 5.0. Argl4 and His15 deleted has exhibited increased internal

o o motions upon inhibitor binding and higher activity against
the SANS-basedh vitro structures can provide insight 0 gycholchitin comparing to the wild-type enzyme, despite
these two effects. With the net increase in the separationihe fact that both of these residues are distal the active-site
dlstance of 'ghe tvyo domains, likely a result of enhanced qqft (22, 23). Similarly, replacing the bulky tryptophan
domain motions i .th_e presence tlans azoTAB, the. residue at subsite B of the active site with smaller tyrosine
;zaitrrg;?iobrzng;r;ﬁea:::rt]il\t/ye 2?[2 byeeetntr:gdrlé;i(tjiocilug tgnﬁ ;r:'ggéor phenylalanine residues gave looser binding of substrates
due to an increase in flexibili,ty of the enzyme. The later vet enhanced activity by |p to 200% 71). Conversgly,

when residues Metl2xthelix) and Leu56 g-sheet), which

oceurrence of substrate |nh|b|t|on. vy!tmns aZ.OTAB MaY  tace each other across the cavity of the hydrophobic core in
also be a result of enhanced flexibility favoring hydrolysis . ; ;
the o domain, were replaced with more hydrophobic

(increase ivim) Over transglycosylation (decrease in substrate residues, the mutant exhibited enhanced stability and rigidity

inding affinity). L o . . .
b Irc]i o?dir tot)%rm the enzymesubstrate complex, it has and a reduction in activity, possibly due to restricted internal
' motions 68).

been reported that the active-site cleft of lysozyme has to
first open (to allow the substrate to enter the active site) and The rates of enzymatic reactions are controlled by the
then close (to return the enzyme to a state similar to the height of the activation energy barrier, or equivalently the
native conformation) through hinge-bending motions of the probability of sampling transition-state conformations. Thus,
o and 8 domains $6—62). Thus, it may be expected that to induce superactivity requires that enzyme flexibility be
domain motions play an important role in the enzyme increased in such a way that these transition-state structures
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are preferentially sampled, with flexibility promoting con-
formational changes along the reaction pathwéaylp—14).
With this view, the increase in activity observed under visible
light could be a result of the higher degree of swelling

11

to lead to enhanced hinge-bending motions and a net increase
in the separation distance of teand 8 domains. At the
ensemble level as in Figure 3, this is manifested by an overall

broadening of the active-site cleft, with the SANS structures 16.

representing the-average of all conformations in solution
(4), analogous to regions with high-temperature fact&s (
factors) in X-ray crystallographic structures that are often
associated with regions undergoing large thermal motions.
Thus, azoTAB appears to induce superactivity in lysozyme
by binding at a location removed from the active site and

19

conformational changes.
In Situ Photocontrol of Enzyme Aditly. One potential

act as a photoregulator in biocatalytic systems, where simple
light illumination can be used fdn situ control of enzyme
activity. Figure 7 demonstrates this photoregulation o
lysozyme activity against glycolchitin-RBB. In Figure 7a the
reaction begins with 0.2 mMrans azoTAB (~550%
superactivity from Figure 5), followed by UV illumination
to convert azoTAB to theis state, immediately leading to
a decrease in reaction rate (activityl20%), a result of
enhanced protein swelling under visible versus UV light.
While similar photoswitching of biocatalytic activity has been
obtained through covalent attachment of photoresponsive
groups to an enzymerg—74), this enzyme modification
process is relatively complex and time-consuming compared
to simple mixing of enzymes with the azoTAB surfactant.
Furthermore, with covalent linkages enzyme activity is 3,
typically decreased slightly compared to the native state even
in the “on” state {2—74). In contrast, azoTAB offers a
unigue method to induce superactivity through interacting
with hydrophobic, oftena-helical regions of the protein
removed from the active site.
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